Alpine-wide distributed glacier mass balance modelling: a tool for assessing future glacier change? by Paul, F et al.
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2008
Alpine-wide distributed glacier mass balance modelling: a tool
for assessing future glacier change?
Paul, F; Machguth, H; Hoelzle, M; Salzmann, N; Haeberli, W
Paul, F; Machguth, H; Hoelzle, M; Salzmann, N; Haeberli, W (2008). Alpine-wide distributed glacier mass balance
modelling: a tool for assessing future glacier change? In: Orlove, B [et al.]. Darkening Peaks: Glacier Retreat,
Science, and Society. Berkeley, US, 111-125.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Orlove, B [et al.] 2008. Darkening Peaks: Glacier Retreat, Science, and Society. Berkeley, US, 111-125.
Paul, F; Machguth, H; Hoelzle, M; Salzmann, N; Haeberli, W (2008). Alpine-wide distributed glacier mass balance
modelling: a tool for assessing future glacier change? In: Orlove, B [et al.]. Darkening Peaks: Glacier Retreat,
Science, and Society. Berkeley, US, 111-125.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Orlove, B [et al.] 2008. Darkening Peaks: Glacier Retreat, Science, and Society. Berkeley, US, 111-125.
Alpine-wide distributed glacier mass balance modelling: a tool
for assessing future glacier change?
Abstract
Distributed glacier mass balance models enable the calculation of the mass balance for each point of a
glacier surface from meteorological input data. In view of the observed enhanced down-wasting of
Alpine glaciers in recent years, such models become increasingly valuable for assessment of ongoing
and future glacier change. However, their potential for large-area application by using gridded input data
sets has not been fully exploited yet. In this contribution we describe the major components of
distributed glacier mass balance models and apply a model that is based on the calculation of the energy
balance to a larger test site (Mischabel region) in Switzerland.We thereby force the model with gridded
data sets from annual precipitation, satellite-derived albedo and daily potential solar radiation as well as
climatic means of meteorological variables. While the latter can easily be tuned to agree with observed
mass balance distributions of specific glaciers, other nearby glaciers get unrealistically high positive or
negative balances in the same simulation. Besides a variable sensitivity of individual glaciers, this hints
to processes acting on a local scale, that are not yet considered in the model (e.g. snow redistribution by
wind). However, the model is well suited for sensitivity studies with the included variables, and the
mass balance sensitivities obtained agree well with results from previous studies (e.g. we calculate a 125
m rise of the equilibrium line altitude (ELA) for a 1 °C temperature increase). Once the local processes
have been included successfully, we see a large potential of forcing such models with future climate
data as computed by regional climate models. The resulting changes in mass balance or ELA on a
glacier-specific basis may then be used as an input for further impact models which calculate future
discharge or water resources.
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Glacier changes are the clearest natural  signal of 
ongoing atmospheric warming (Houghton et al. 
2001). The related temperature increase of about 
1 !C since 1850 in the Alps has caused glacier 
retreats of up to 3 km with a mean volume loss 
of about 50% by the 1970s (Haeberli, Maisch, 
and Paul 2002). The glacier forefi elds, enclosed 
by lateral moraines more than 100 m high, 
are eloquent witnesses of the glaciers’ former 
dimensions recently documented by Zängl 
and Hamberger (2004). Analyses of the latest 
satellite data (Paul et al. 2007) indicate that 
down-wasting (i.e., stationary thinning) was a 
dominant reaction of glaciers to the extraordi-
nary warm decade of the 1990s. In particular, 
the summer 2003 heat wave in Central Europe 
(Beniston and Diaz 2004; Schär et al. 2004) 
caused record- breaking glacier thinning of 
about "2.5 m on average (Haeberli,  Huggel, 
and Paul 2004), ten times the 1960–2000 
annual mean (Hoelzle et al. 2003) and twice 
the melt of the former record year, 1998. Thus, 
changes in glacier thickness currently seem 
to have a major infl uence on  further glacier 
8
Alpinewide Distributed Glacier 
Mass Balance Modeling
 a tool for assessing future glacier change?
Frank Paul, Horst Machguth, Martin Hoelzle, 
Nadine Salzmann, and Wilfried Haeberli
 evolution, even for comparatively large or fast-
fl owing glaciers. Because most glaciers in the
Alps (81%) are smaller than 0.5 km2 (Zemp 
et al., this volume) and such small glaciers show 
only a limited dynamic reaction to changes in 
 climate (i.e., mass redistribution by  glacier fl ow), 
thickness changes are currently the  dominant 
 reaction for most glaciers.
Changes in glacier thickness can be modeled 
with satisfying accuracy from what are called 
distributed glacier mass balance models based 
either on a temperature index method (e.g., 
Braithwaite 1989; Hock 2003) or on an energy 
balance approach (e.g., Arnold et al. 1996; Brock 
et al. 2000; Oerlemans 1991, 1992). The latter in 
general requires a large amount of meteorologi-
cal input data (depending on the complexity of 
the model) and the calculation of the mass bal-
ance distributed over the terrain for all cells of 
an underlying digital elevation model (DEM) in 
the course of a year (e.g., Klok and Oerlemans 
2002). Up to now, most studies have focused 
on a few individual glaciers only, and the full 
potential for large-area application has not been 
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fully exploited. To apply mass balance models 
to large regions, some of the required climatic 
input data must be interpolated from point 
observations to continuous fi elds or obtained 
from gridded climatologies.
In this study we utilize such gridded data sets 
(i.e., radiation, albedo, precipitation) to apply a 
mass balance model to larger catchments. Melt 
of snow and ice (i.e., ablation) is calculated from 
an energy balance model developed by Klok 
and Oerlemans (2002), and accumulation is 
assimilated from interpolated precipitation data 
published by Schwarb et al. (2001). The main 
focus of our approach is whether mass balance 
models can produce realistic mass balance val-
ues and equilibrium line altitudes (ELAs) for all 
the glaciers of a larger catchment. If this is the 
case, it may be possible to explain the observed 
differences in the behavior of neighboring gla-
ciers in response to the same climatic forcing. 
The validation of the model results will not 
account for measurements from specifi c years 
but will be compared with averaged long-term 
data such as the steady-state ELA, which is 
roughly approximated for most Alpine glaciers 
by a ratio of area of accumulation to ablation 
area of 2:1 (Maisch et al. 2000). Direct mea-
surements have revealed that this ratio exhibits 
a large scatter among  glaciers, from roughly 1:1 
to 3:1 (Haeberli et al. 2005).
To speed up the processing, the gridded 
input data sets (in particular, the 365 grids of 
mean daily potential solar radiation) are pre-
pared beforehand, including an interpolation 
to the cell spacing (25 m) of the DEM (e.g., for 
precipitation). While the mass balance model 
itself is based on a Fortran code, all related data 
processing is performed within a geographic 
information system (GIS), which also facilitates 
the fi nal calculation of mass balance values and 
profi les of individual glaciers.
In this contribution we fi rst give a brief over-
view of glacier mass balance modeling and then 
discuss the main components of a distributed 
mass balance model. Next the gridded data sets 
used and their application to a test region in 
the Swiss Alps are presented, and the results of 
the calculation are described and critically dis-
cussed. Finally, we offer some suggestions for 
future improvements.
PREVIOUS WORK ON GLACIER MASS 
BALANCE MODELING
A general characteristic of all mass balance 
models is that the more complex the model, the 
more input data it requires. Thus, if only a few 
input parameters (e.g., mean annual air temper-
ature) are available for a specifi c region, there is 
no reason to run a physically complex model. 
Several fi eld studies in recent years have, however, 
produced both parameterization schemes for 
several meteorological variables (e.g., Brutsaert 
1975; Kimball, Idso, and Aase 1982; Munro 
1989) and insight into the processes governing a 
glacier’s mass balance (e.g., Greuell, Knap, and 
Smeets 1997; Oerlemans 2000; Strasser et al. 
2004). This allows the application of physically 
more complex models if a suitable parameter-
ization for an unmeasured but required vari-
able can be found. The core of all distributed 
mass balance models is a DEM that allows the 
“distribution” of point measurements (e.g., data 
from climate stations or automatic weather sta-
tions) on the topography by means of elevation-
dependent gradients such as the lapse rate for 
temperature. Generally, two types of models 
have evolved in recent years for the calculation 
of glacier melt (which is only one component 
of the mass balance): temperature index and 
energy balance models. While temperature 
index models are based on the sum of positive 
degree-days in a year fi tted by a glacier-specifi c 
degree-day factor to observed glacier melt (e.g., 
Braithwaite and Zhang 2000; Hock 2003), 
energy balance models compute all terms of the 
energy balance (e.g., radiation balance and tur-
bulent fl uxes) explicitly and calculate melt from 
a positive energy balance (see review by Hock 
2005). Degree-day models have proved to cal-
culate runoff from snow and glacier melt quite 
accurately at well-calibrated sites (e.g., Hock 
and Noetzli 1997); they have also been applied 
in snow-melt runoff models for many years 
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(e.g., Martinec and Rango 1986). Their success 
can be attributed mainly to incoming longwave 
radiation, which is strongly correlated with 
surface temperature (at screen height) and 
dominates the energy balance in the case of 
highly refl ective surfaces such as snow and ice 
from polar glaciers (Ohmura 2001). Moreover,
modifi ed degree-day models have been used 
to obtain fi rst-order estimates of future sea-
level rise according to temperatures predicted 
by global climate models (e.g., Gregory and 
 Oerlemans 1998; Van de Wal and Wild 2001), 
and they have recently been extended and 
improved by incorporating a factor for solar 
radiation calculated from digital elevation 
 modeling (Hock 1999; Konya, Matsumoto, and 
Naruse 2004), getting somewhat closer to the 
energy balance approach.
Early mass balance models based on the 
calculation of the energy balance (e.g., Greuell 
and Oerlemans 1987; Oerlemans 1991, 1992) 
adopted a one-dimensional approach ( elevation-
dependent parameterizations) on a fl at surface 
and climatic means of temperature (T ) and 
precipitation (P). The mass balance profi les 
obtained (mean mass balance in specifi c eleva-
tion intervals) were in close agreement with 
measured profi les and clearly demonstrate the 
potential of such simple formulations for fur-
ther applications. In particular, sensitivity stud-
ies for selected parameters (T, P) according to 
results from global climate models have been 
performed several times in an effort to assess 
the related changes in ELA for various glaciers 
(e.g., Cook et al. 2003; Kull, Grosjean, and Veit 
2002; Schneeberger et al. 2003). Similar sen-
sitivity studies have revealed that in the rough 
topography of the Alps the high temporal varia-
tion of incoming shortwave radiation and the 
high spatial variation of the glacier albedo are 
the most important parameters (Brock et al. 
2000; Strasser et al. 2004). The forcing of 
energy balance models by direct measurements 
from automatic weather stations on the glacier 
or from nearby climate stations uses DEMs for 
the distribution of the point data on the terrain 
(e.g., Arnold et al. 2006; Brock et al. 2000; 
Escher-Vetter 2000). However, most research-
ers stress that some attention has to be paid to 
the spatial interpolation of point measurements 
because data from automatic weather stations 
are infl uenced by the microclimate of the gla-
cier (e.g., wind direction [see Oerlemans 2000, 
2001]) and data from appropriate climate sta-
tions (e.g., at a similar elevation) that are too far 
away may have no correlation to the conditions 
at the study site (e.g., because of clouds). If cli-
matic means of temperature and precipitation 
are available on a monthly basis, the seasonal 
sensitivity characteristic will allow the determi-
nation of the temporal variation of mass balance 
sensitivity (Oerlemans and Reichert 2000). 
Such an approach can be used for reconstruc-
tion of the recent mass balance history of a gla-
cier from measured climatic parameters (Wildt, 
Klok, and Oerlemans 2003).
In summary, the main advantage of degree-
day models is the small amount of input data they 
require; their main disadvantage is the restriction 
to a specifi c glacier with a known degree-day fac-
tor, which can exhibit substantial variation from 
glacier to glacier (see Hock 2003). The main 
advantage of energy balance models is that their 
strict, process-based physical rules allow their 
application to large regions. Their major disad-
vantage is the large amount of (meteorological) 
input data they require, although these data can 
be parameterized from other known variables or 
held constant. With the advent of globally avail-
able reanalysis data (e.g., Kalnay et al. 1996; New, 
Hulme, and Jones 2000), new possibilities of 
forcing mass balance models through extended 
scales of time and space have emerged. Initial 
studies by Cook et al. (2003), Radick and Hock 
(2006), and Rasmussen and Conway (2003) 
have had promising results.
Up to now, energy balance models have 
been applied mostly to individual glaciers, with 
a strong focus on the exact physical formulation 
of the energy balance components (e.g., Hock 
2005). The models have therefore not been 
applied to large regions with sparse data sets. In 
our approach we employ parts of the physically 
simpler model (e.g., the calculation of mean daily 
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temperatures from a cosine wave) of Oerlemans 
(1992) with the more complex model of Klok and 
Oerlemans (2002) and combine the two with 
gridded data sets from parameters that show high 
spatial variation at local to regional scales (i.e., 
potential solar radiation, glacier albedo, precipita-
tion) but do not change much from year to year. 
(Machguth et al. 2006)
COMPONENTS OF THE GLACIER 
MASS BALANCE MODEL
The mass balance of a glacier is a result of all 
the processes contributing to loss of glacier 
mass (ablation, calving) and gain of mass (solid 
precipitation) in the course of a balance year. 
For glaciers in the European Alps the dominant 
processes are ablation in summer due to a posi-
tive energy balance and accumulation of snow 
in winter due to solid precipitation (neglecting 
calving, refreezing of snow, etc.). Both compo-
nents exhibit considerable spatial and temporal 
variation. However, our focus here is the calcu-
lation of mean potential glacier locations and 
sensitivity studies using climatic means of mete-
orological variables. The mass balance (MB) can 
thus be written (neglecting a cold reserve from 
winter) as MB # ablation $ accumulation, with 
the energy balance (EB) composed of incoming 
and outgoing shortwave (SWin and SWout), and 
longwave (LWin and LWout) radiation terms and 
sensible (Hs) and latent (Hl) heat fl uxes:
EB # SWin " SWout $ LWin " LWout $ Hs $ Hl, 
with SWin " SWout # (1 " %) & G.
Here % is the glacier albedo and G the global 
radiation (the sum of direct and diffuse radia-
tion). While the radiation terms are mainly 
controlled by topography, cloud cover, and 
air temperature, the turbulent fl uxes mainly 
depend on air temperature, wind speed, and 
humidity (see Oerlemans 2001).
TEMPERATURE
Air temperature infl uences energy balance in two 
major ways, affecting both incoming longwave 
radiation (emission from clouds at a specifi c 
 elevation) and sensible heat fl ux (temperature dif-
ference between the air and the glacier  surface). 
Temperature has an additional infl uence on 
glacier mass balance in that solid precipitation 
takes place only below a certain threshhold tem-
perature (between 0 !C and 2 !C). In general, the 
temporal course of air temperature is governed 
by the annual and daily cycles, while its spatial 
variation depends mainly on terrain elevation. 
Two approaches for calculating temperature at 
a specifi c elevation have emerged. One uses a 
mean annual air temperature from climate sta-
tion data and calculates the daily (hourly) value 
from an annual (daily) temperature range and
a cosine function looped over 365 Julian days 
(24 hours). This approach is suitable for the 
calculation of mean mass balance profi les and 
allows studies of general sensitivity (change in 
ELA due to a change in climate) if daily tempera-
ture data are unavailable (e.g., Oerlemans 1992). 
It is also employed in this study with mean daily 
values. The other approach uses daily (or even 
hourly) climate station data and allows the cal-
culation of mass balance for a specifi c year, thus 
permitting a comparison with measurements 
(Machguth et al. 2006). In both approaches tem-
perature is calculated at a specifi c point of the 
DEM from a lapse rate and the elevation differ-
ence between the DEM and the climate station.
RADIATION
For the purpose of our model we calculated 
shortwave (solar) radiation by means of the 
computer code SRAD (e.g., Wilson and Gallant 
2000), which gives the mean daily incoming 
potential solar radiation. This value includes all 
topographic effects (terrain slope and aspect, 
shadowing) related to direct and diffuse (i.e., 
global) radiation and assumes standard atmo-
spheric profi les and zero cloud cover. Surface 
albedo and cloud cover are not accounted for 
at this stage. This allows an a priori calculation 
of the potential solar radiation for each day of 
a calendar year and the respective region. The 
shortwave radiation balance is then mainly 
modifi ed by albedo and cloud cover. While the 
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principal pattern of glacier albedo distribution is
obtained from satellite data, we use an average 
climatic cloud factor of 0.5. Future refi nements 
of the program can incorporate a time- dependent 
parameterization of cloud cover (e.g., from 
reanalysis data), but for present purposes cloud 
cover can be held constant. Outgoing longwave 
radiation is also held constant (assuming a 0 !C 
glacier surface temperature throughout the 
year), while incoming longwave radiation var-
ies strongly with the temperature of the atmo-
sphere and cloud cover. In our model we use 
the parameterization by Greuell and  Oerlemans 
(1987) with constant cloud cover and cloud 
base height. In the Alps, incoming and outgo-
ing longwave radiation are of the same order 
of magnitude, resulting in a longwave balance 
close to zero (e.g., Klok, Greuell, and Oerlemans 
2003; Strasser et al. 2004). This is one reason 
for the domination of the shortwave balance 
over the entire radiation balance. The other 
reason is the low albedo of Alpine glaciers (due 
to soot and dust on the surface) and the long 
ablation period, which result in a high positive 
shortwave radiation balance. Extension of the 
model with a two-layer glacier surface would 
allow for the generation of a cold surface layer 
during winter that delays snow melt in spring 
(Greuell and Oerlemans 1987), but for present 
purposes this delay is neglected.
ALBEDO OF ICE AND SNOW
The shortwave radiation balance is strongly gov-
erned by the glacier (i.e., ice and snow) albedo. 
Several studies in recent years have shown 
that glacier albedo can be accurately mapped 
over large regions from 25-m-resolution Land-
sat Thematic Mapper (TM) data (e.g., Knap, 
Reijmer, and Oerlemans 1999; Klok, Greuell, 
and Oerlemans 2003). While there is not 
much spatial and temporal variation in glacier 
albedo in winter, in summer the retreat of the 
snowline (rapid temporal change) exposes the 
complex albedo pattern of the bare glacier ice 
(strong spatial variation). This complex pattern 
can be obtained from Landsat data acquired at 
the end of the ablation season in a year with a 
strongly negative mass balance. In our model 
the background bare-ice albedo is revealed in 
the course of the modeled snow line retreat. 
In the case of heavily debris-covered glaciers, 
a glacier map obtained from automatic map-
ping with TM data (using the TM4/TM5 ratio 
method (see Paul et al. 2002) could be used for 
delineation of the bare glacier ice, allowing the 
calculation of differential ablation due to debris 
cover (e.g., Pelto 2000; Takeuchi, Kayastha, 
and Nakawo 2000). This feature is not part of 
our current model.
The decrease of snow albedo due to aging 
(metamorphosis) is adjusted by an exponential 
decay rate related to the number of days since the 
last snowfall (Klok and Oerlemans 2002); other 
approaches use the sum of positive degree-days 
instead. Therefore the change in glacier albedo 
due to summer snowfall is considered in our 
model by starting with a constant value (0.72) for 
the albedo of fresh snow (snow depth "0) and 
then applying the aging function. The bidirectional 
refl ectance characteristics of ice and snow result 
in a forward scattering of the incoming radiation 
at low solar elevations. This is not considered in 
the model because the change in albedo is only by 
a few percent (e.g., Greuell and de Ruyter de Wildt 
1999; Knap and Reijmer 1998).
TURBULENT FLUXES
Several studies of the measurement and cal-
culation of sensible and latent heat fl uxes exist 
(e.g., Denby and Greuell 2000; Munro 1989; 
Suter, Hoelzle, and Ohmura 2004), but most 
of them are based on detailed fi eld measure-
ments of generally unknown parameters (e.g., 
wind speed at various heights above the surface, 
roughness length). Simpler approaches have 
yielded reliable results as well (see Oerlemans 
2001). For instance, temperature, which mainly 
governs sensible and latent heat fl uxes, can be 
interpolated from coarse gridded climatolo-
gies or nearby climate stations at the elevation 
of the DEM by using a specifi c lapse rate (e.g., 
Ishida and Kawashima 1993). Consideration of 
appropriate exchange coeffi cients for both sen-
sible and latent fl uxes as well as a mean relative 
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humidity and atmospheric pressure for latent 
fl ux allows a suffi cient description of turbulent 
fl uxes (e.g., Oerlemans 2001) and is also used in 
our model. In other regions of the world, both 
fl uxes may play a more dominant role for the 
energy balance and must be parameterized in 
more detail, and additional fl uxes (e.g., from 
refreezing of rain or sublimation) have to be 
considered as well (e.g., Kaser and Osmaston 
2002; Mölg and Hardy 2004; Wagnon et al. 
1999). The inclusion of wind speed (e.g., from 
reanalysis data) in a future model would allow 
an improved formulation of turbulent fl uxes.
PRECIPITATION
The modeling of glacier mass balance must also 
consider the amount of solid precipitation dur-
ing the accumulation season. The normal way 
is to use a measured precipitation sum (e.g., 
monthly or yearly), extrapolate this value by 
means of a gradient (often dependent on eleva-
tion) to each cell of the DEM, and identify the 
solid part from a threshold temperature, nor-
mally assumed to be 0–2 !C (Oerlemans 2001). 
Because of the spatial variation of precipitation 
even in terms of climatic means (Frei and Schär 
1998), this approach does not work well for large 
regions. Unfortunately, most of the available 
data on precipitation in high-mountain regions 
with rough topography are quite inaccurate, 
and the related interpolation schemes are very 
complex (see, e.g., Daly, Neilson, and Phillips 
1994). One option is the use of the gridded cli-
matologies that have recently become available 
(for an overview see Gyalistras 2003), but in 
general they have a too coarse cell size for direct 
use in a 25-m-resolution DEM, and questions of 
appropriate down-sampling strategies arise. In 
our model we use the highest-spatial-resolution 
data set available, one deduced from the data 
from more than 6,000 rain gauges by Frei and 
Schär (1998). It covers uncorrected annual and 
monthly climatic means for the period 1971–90 
at 2-km spatial resolution for the entire perim-
eter of the Alps (Schwarb et al. 2001).
Another important issue is the redistribu-
tion of snow by wind and avalanches. Instead 
of complex three-dimensional transport models 
(e.g., Liston and Sturm 1998), some research-
ers have successfully employed rather simple 
schemes from GIS-based digital elevation 
 modeling (Mittaz et al. 2002; Purves et al. 
1998). Such schemes allow for calculation of 
snow erosion and deposition on stoss and lee 
sides of mountain ridges from a mean wind 
speed and direction obtained from climate sta-
tion or reanalysis data. Similarly, snow redis-
tribution by avalanches can be calculated from 
GIS-based modeling taking into account a criti-
cal slope threshold for snow deposition and 
rules of mass conservation (e.g., Mittaz et al. 
2002). This allows the inclusion of snow-free 
rock walls and some additional accumulation 
of snow in glacier depressions and on lee sides. 
For the model results presented here we have 
not included snow redistribution by wind, but 
areas steeper than 60! are set to zero snow 
depth, and for slopes from 30! to 60! snow 
depth is multiplied by a linear factor from one 
to zero, respectively.
DATA SOURCES AND PROCESSING
TEST REGION
To assess the performance of the model we 
have selected a larger test site in the Mischabel 
group of mountains in the eastern Valaisian 
Alps,  Switzerland, close to the Italian border 
(Figure 8.1, inset). The region is 23 by 27 km in 
size (equivalent to 680 by 930 pixels at 25-m 
spacing) and covers about 50 glaciers of  various 
sizes, types, elevation ranges, exposures, and 
slopes. The elevation range is from 1,000 to
4,550 m a.s.l., with ELAs ranging from 2,800 to 
3,400 m a.s.l. The mean annual air tempera-
ture at Zermatt (1,640 m a.s.l.) is 3.5 !C, and the 
cumulative annual precipitation ranges from 
900 to 1,700 mm at 3,000 m a.s.l. (Schwarb 
et al. 2001). The region is shielded from pre-
cipitation (which normally comes from the 
northwest) by the Alpine main ridge, resulting 
in more  continental-type glaciers. With a mean 
annual air temperature of about "5 !C at the 
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ELA, glaciers are mostly temperate, with partly 
cold ablation areas surrounded by discontinu-
ous permafrost.
INPUT DATA
A schematic workfl ow of the model is given in 
Figure 8.2. The program is initiated with a num-
ber of constant meteorological parameters (e.g., 
latent heat of melt, Stefan-Boltzmann constant, 
specifi c heat capacity of air) and several variables 
that are held constant but can later be taken from 
other sources (e.g., reanalysis data). For the refer-
ence simulation we use the following fi xed vari-
ables: mean annual air temperature at 2,000 m 
a.s.l. 2 !C with an annual temperature range of 
7.5 !C, snowfall threshold temperature 1.5 !C, 
cloud cover 0.5, cloud height 5,000 m, clear-
sky emissivity 0.7, mean surface pressure (at 
sea level) 1,013 hPa, and relative humidity 80%. 
Furthermore, the following raster data sets are 
directly imported on a cell-by-cell basis from the 
hard disk at the beginning of each model run: 
the DEM25 (level 2) from swisstopo, the annual 
precipitation sum from the Schwarb et al. (2001) 
climatology, which is converted by bilinear 
interpolation to the 25-m cell size beforehand 
( Figure 8.3, A), and the albedo map derived from 
a Landsat TM scene (path-row 195-28) acquired 
on August, 31, 1998 (Figure 8.3, B). The mean 
daily potential solar radiation from the SRAD 
code is imported within the daily loop. Exam-
ples for March 15 and July 15 are presented in 
 Figure 8.4. They clearly indicate the dependence 
of the available radiation energy on topography 
and exposure as well as the much higher radia-
tion values (up to two times) obtained in July.
DATA PROCESSING
The program for the mass balance model is 
based on a Fortran code and organized as fol-
lows: Input data are assigned ( meteorological 
variables) and imported (grids), and the program 
starts with a daily loop beginning on Julian day 
271 (October 1). The respective radiation grid is 
imported and elevation- independent  variables 
are calculated. Then a cell loop  calculates the 
FIGURE 8.1.  Location of the Mischabel test region (inset, 
black rectangle) and overview of the region modeled in a 
fused satellite image (using data from IRS-1C and Landsat 
TM). Image size is 17 km by 23 km; glaciers show up 
in light gray and snow in white. F, Findelen Glacier; S, 
Schwarzberg Glacier.
FIGURE 8.2.  Schematic workfl ow of the mass balance 
model. The inner cell loop computes mass balance 
for each cell of the digital elevation model before the 
outer daily loop succeeds it on the following day. After 
all days are calculated, the fi nal mass balance grid is 
exported.
Grids Fixed parameters
Daily loop
Cell loop
Distributed mass balanceO
UT
PU
T
PR
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CE
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IN
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DEM, albedo,
precipitation
MAAT & range, humidity, pressure,
clouds (cover, height, emissivity), ...
import radiation grid
calculate mean temperature
& cloud radiative properties
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precipitation, snow depth, albedo
energy balance, mass balance
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mass balance for each cell of the DEM (net 
energy balance, precipitation, melt, snow 
depth) and the specifi ed day and proceeds with 
the following Julian day. In the current version 
of the program we have constant precipitation 
on every fi fth day with 1/73 of the annual sum. 
After a one-year cycle is fi nished, the cumula-
tive mass balance is exported to an ASCII fi le 
and transformed to the Arc/Info grid format 
for further analysis and visualization. A one-
year simulation for the 632,400 cells of the test 
region is accomplished in about eight minutes 
on a 900-MHz Sunfi re workstation. For com-
parison with other studies and evaluation of 
the model’s performance, the sensitivity of the 
model is analyzed with respect to the reference 
simulation for changes in temperature, pre-
cipitation, and albedo. Temperature is changed 
by !2 "C, precipitation by !20%, and albedo 
by !0.1. Mass balance values and profi les are
obtained for each simulation for Findelen 
 Glacier, including the adjacent Adler Glacier.
RESULTS
Selected results of the distributed mass balance 
model are presented in Figure 8.5. For better 
visibility of details we display only the southern 
part of the test site, with Findelen Glacier (area 
16.7 km2) in the lower center (Figure 8.1). Selected 
mass balance profi les of the model experiments 
are displayed in Figure 8.6. The reference 
simulation using the input data is depicted in 
 Figure 8.5, A. The mass balance distribution pat-
tern in the ablation area (light gray) results from 
the interaction of potential solar radiation (see 
Figure 8.4) with local variations in albedo (see 
Figure 8.3, B), which is also valid for the sensi-
tivity studies discussed below. For the brighter 
parts of the Findelen Glacier tongue, minimum 
FIGURE 8.3.  A, annual precipitation sum from the Schwarb et al. (2001) climatology after bilinear resampling to 25-m cell 
size; black lines, 1973 glacier extent. B, albedo map as derived from the Landsat TM scene 195–28 acquired on August 31, 1998. 
The effects of shading have been mostly removed, and the terrain appears quite fl at. For better visibility, albedo values 
from 0.0 to 1.0 have been linearly rescaled from 0 (black) to 255 (white).
Precipitation (mm)
 498 – 814
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 957 – 1068
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 1296 – 1405
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A
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mass balance values of "8 m water equivalent 
result. The accumulation pattern (dark gray) 
depends more on the elevation (see Figure 8.3, A), 
with locally some lower-reaching snow bands 
in more radiation-shielded parts of the terrain. 
Some snow has been removed in the model in 
the highest parts of some glaciers because of the 
steepness of the terrain. Some of the high, small 
glaciers are completely snow-covered, indicating 
highly positive mass balances.
The mass balance profi le for Findelen  Glacier 
(Figure 8.6) gives an ELA of 3,210 m with a gra-
dient of 0.9 m per 100 m below the equilibrium 
line. The ELA is thus about 80 m higher than an 
assumed 2:1 ELA at 3,130 m. However, the mass 
balance for the reference simulation is "0.25-m 
water equivalent, indicating that the steady-state 
ELA is somewhat lower than 3,210 m (if the model 
is correct), and, of course, the 2:1 approximation 
may have a different ratio for this glacier as well.
In Figure 8.5, B, the mass balance distribution 
for a 2 !C increase in mean annual air tempera-
ture is shown. In this simulation all the glaciers 
except a few smaller ones (white oval) between the 
Findelen and Schwarzberg glaciers have negative 
mass balances. While both of these glaciers receive 
the highest precipitation amounts (Figure 8.3, A), 
the left one (to the west) also receives the highest 
amounts of radiation ( Figure 8.3, B). In this case 
the positive balance can be explained by the high 
albedo as obtained from satellite data. Maximum 
ablation values on the tongue of the Findelen Gla-
cier partially exceed "10-m water equivalent, which 
is in accord with observations reported from the 
Gries Glacier during the hot summer of 2003. The 
ELA increases by 250 m, which is in close agree-
ment with other observations (reporting $100 to 
$150 m for a 1 !C temperature increase). The mass 
balance sensitivity is "0.9 m per degree tempera-
ture increase and $0.6 m per degree decrease.
A decrease in precipitation by 20% 
( Figure 8.5, C) does not change the mass bal-
ance distribution (also visible in  Figure 8.6) but 
results in more negative balances for all glaciers. 
FIGURE 8.4.  Mean daily potential solar radiation as computed for the Mischabel test region from the SRAD code for March 
15 (A) and July 15 (B). Thin white lines, Elevation contours at 200 m equidistance; thicker white lines and black lines, glacier 
outlines. Reproduced by permission of swisstopo (BA057338).
Radiation (W/m2)
 0 – 50
 51 – 101
 102 – 138
 139 – 175
 176 – 212
 213 – 249
 250 – 286
 287 – 323
 324 – 360
 361 – 397
 398 – 434
 435 – 471
 472 – 507
No Data
A
a l p i ne w ide  dis t r i bu t e d  gl ac i er  m a s s  b a l a nce  m ode l i ng      119
Orlove07_C08.indd   119 9/28/07   4:22:22 PM
FIGURE 8.5.  Mass balance distribution as derived from the model for (A) the reference simulation (B), a temperature 
increase of 2 !C (C), a precipitation decrease of 20%, and (D) an albedo decrease of 0.1. White, regions steeper than 60! 
(snow depth " 0); thin black lines, contours at 200-m equidistance; thick black lines, glacier outlines. Reproduced by 
permission of swisstopo (BA057338).
Net balance (m)
No Datasnow free1.7410–1.2–2.7–4.3–5.8–7.4–8.9–10.5–12–13.6–15.2
On the Findelen Glacier the ELA shifts 80 m 
upward (about 60 m downward) for a precipi-
tation decrease (increase) of 20% ( Figure 8.6). 
This indicates that a 1!C increase in tempera-
ture may be compensated for by at least a 40% 
increase (about 500 mm at the ELA) in pre-
cipitation. In fact, an even greater increase is 
required because of the positive feedback with 
the snowfall temperature. The mass balance for 
the Findelen Glacier is #0.9 m ($0.25 m) for a 
#20% ($20%) change in precipitation.
While a general decrease of the albedo 
by 0.1 (Figure 8.5, D) leads only to a slight 
shift in ELA (by about $30 m), it has a much 
stronger effect on the mass balance in the 
ablation area (sometimes reaching #10-m 
water equivalent) with a related steepening of 
the mass balance gradient (see Figure 8.6). 
Thus, the gradual decrease of glacier albedo due 
to the accumulation of soot and dust in dry, hot 
summers (as in 2003), when there is no clean-
ing by heavy precipitation events, produces a 
strong positive feedback for enhancing glacier 
melt. The mass balance is #0.56 m ($0.03 m) 
for an albedo change of #0.1 ($0.1). The digi-
tal subtraction of the respective mass balance 
grids (reference minus sensitivity study) reveals 
the greatest changes near the equilibrium line, 
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moderate changes in the ablation zone, and 
small changes in the accumulation area (not 
shown).
DISCUSSION
Although we fi nd a reasonable mass balance 
distribution and ELA for the Findelen Glacier, 
visual inspection of the reference simulation 
clearly indicates larger deviations on neighbor-
ing glaciers. While the Findelen Glacier has a 
slightly negative mass balance ("0.25-m water 
equivalent), other glaciers, in particular the 
smaller ones at higher elevations, are in bal-
ance or strongly positive. Of course, the hyp-
sography of a glacier governs its local mass 
balance  sensitivity and results in natural varia-
tion of the net balance from glacier to glacier 
under identical climate conditions (Haeberli 
et al. 2005). However, the strong variations over 
a small distance observed here cannot be fully 
explained by hypsography. Moreover, meteoro-
logical variables that exhibit variations only on 
a regional scale (e.g., temperature, lapse rate, 
pressure, humidity) cannot be responsible, and 
the high spatial and temporal variability of pre-
cipitation is present more on a daily time scale 
than in climatic means. Thus the change to a 
more realistic temporal precipitation pattern 
in our model (e.g., using monthly means and 
a more realistic forcing instead of every fi fth 
day) will not alter the simulated pattern signifi -
cantly. Albedo values that are too high (snow 
in the satellite image) cannot explain the posi-
tive mass balances of many glaciers either, as 
the snow line on the 1998 satellite image was 
much higher (see Figure 8.3, B) than the one 
resulting from the simulation. Therefore, more 
local processes that have not yet been consid-
ered, such as redistribution of snow by wind 
and avalanches or orographic clouds, may be 
responsible for the local deviations. Their mod-
eling remains a major challenge for future 
studies.
In principle the model can be used to cal-
culate the mass balance distribution for much 
larger regions (e.g., 100 km by 100 km) and for 
any other location on earth where DEM data are 
available and glaciers are present. As these data 
can now be obtained at the appropriate spatial 
resolution (e.g., from the Shuttle Radar Topog-
raphy Mission or stereoscopic ASTER or SPOT 
satellite data) for nearly every place on earth, a 
remaining challenge would be the compilation 
of meteorological data for remote areas. While 
the forcing of a mass balance model by climatic 
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FIGURE 8.6.  Mass balance 
profi les of Findelen Glacier 
for the six sensitivity studies 
performed. Average values are 
calculated for elevation intervals 
at 50-m equidistance.
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mean values can be achieved even with data 
from printed climate atlases (e.g., mean annual 
temperature and precipitation sum), a forcing 
for a specifi c year requires data from climate 
stations or automatic weather stations near the 
location of interest. If no such data are available, 
an alternative might be the use of reanalysis 
data (e.g., Kalnay et al. 1996; New, Hulme, and 
Jones 2000), which can be further downscaled 
with regional climate models to better resolve 
topographic effects. Satellite data to account 
for  glacier-specifi c albedo variation are avail-
able more or less worldwide, but an appropriate 
DEM and some image-processing software are 
required for orthorectifi cation and atmospheric 
correction. In high-mountain topography the 
spatial interpolation of precipitation remains a 
major challenge. While in small catchments an 
elevation-dependent gradient might be applied, 
for larger catchments such a gradient might vary 
considerably (e.g., Frei and Schär 1998). How-
ever, Oerlemans (2001) has shown that even 
simple models provide realistic mass balance 
profi les if the major components are described 
and tuned in a realistic way. Therefore there 
is a good chance of replacing the degree-day 
approach with distributed mass balance models 
for an improved assessment of glacier mass bal-
ance in highly glacierized and climate-sensitive 
regions (temperate glaciers).
The availability of reanalysis data should 
also permit the inclusion of parameteriza-
tion schemes for the redistribution of snow 
by wind (e.g., Mittaz et al. 2002; Purves et al. 
1998) and nighttime cloud cover, which exert 
a major impact on regional mass balance dis-
tribution and energy balance, respectively, but 
are not yet accounted for in most models. The 
validation of the modeled distribution of snow 
water equivalent for glaciers at the end of win-
ter would require expensive fi eld surveys (e.g., 
Plattner, Bran, and Brenning 2006). Major 
improvements of the model presented here in 
the ablation area should focus on the calcula-
tion of differential ablation due to debris cover 
and the incorporation of a two-layer snow/ice 
surface.
CONCLUSIONS AND PERSPECTIVES
Glacier down-wasting has become an increas-
ingly important part of glacier-climate feedback 
in the past two decades. Calculation of such 
changes by means of distributed melt modeling 
can already assess the related discharge with high 
accuracy. Of the two main approaches available, 
energy balance calculation is more suitable in 
the Alps than the degree-day approach because 
of the much lower and more variable albedos of 
Alpine glaciers compared with Arctic ones and 
the potential for large-area  application. The  latter 
requires the incorporation of gridded data sets 
(radiation, albedo, precipitation, reanalysis data) 
that have become available in recent years or can 
be computed from additional sources (satellite, 
DEMs). However, some processes operating at 
a local scale (especially snow redistribution by 
wind) must be included in future models to 
obtain more realistic results. Therefore, future 
research should focus on such processes.
The great potential of such distributed and 
calibrated models consists in their ability to be 
forced with meteorological parameters obtained 
from regional climate models. Although the cur-
rent spatial resolution of these models (about 
20 km) requires the application of appropriate 
downscaling techniques (e.g., Salzmann et al. 
2007), their resolution is steadily improving. 
Moreover, some parameters (e.g., temperature, 
pressure) do not change much over large regions 
and can therefore be easily incorporated into 
current mass balance models. In particular, the 
availability of reanalysis data will improve cur-
rent models with respect to regional processes 
(e.g., wind, clouds) that are not yet accounted 
for and may be responsible for the variation of 
mass balance from glacier to glacier observed at 
a catchment scale.
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